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Abstract

Prion diseases are a group of fatal neurodegenerative
disorders characterized by the accumulation of prions
in the central nervous system. The pathogenic prion
(PrPSc) possesses the capability to convert the host-
encoded cellular isoform of the prion protein, PrPC,
into nascent PrPSc. The present work aims at provid-
ing novel insight into cellular response upon prion
infection evidenced by synchrotron radiation infra-
red microspectroscopy (SR-IRMS). This non-invasive,
label-free analytical technique was employed to
investigate the biochemical perturbations undergone
by prion infected mouse hypothalamic GT1-1 cells at
the cellular and subcellular level. A decrement in
total cellular protein content upon prion infection
was identified by infrared (IR)whole-cell spectra and
validated by bicinchoninic acid assay and single-cell
volume analysis by atomic force microscopy (AFM).
Hierarchical cluster analysis (HCA) of IR data dis-
criminated between infected and uninfected cells and
allowed to deduce an increment of lysosomal bodies
within the cytoplasm of infected GT1-1 cells, a
hypothesis further confirmed by SR-IRMS at sub-
cellular spatial resolution and fluorescent micro-
scopy. The purpose of this work, therefore, consists
of proposing IRMS as a powerful multiscreening
platform, drawing on the synergy with conventional
biological assays andmicroscopy techniques in order
to increase the accuracy of investigations performed
at the single-cell level.
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1. Introduction

T
ransmissible spongiform encephalopathies (TSE),
or prion diseases, are fatal and incurable neuro-
degenerative disorders affecting animals and

humans alike. They include bovine spongiform ence-
phalopathy of cattle, scrapie of sheep and goats,
chronic wasting disease of deer, moose, and elk,
and Creutzfeldt-Jakob disease (CJD), fatal familial
insomnia, and Gerstmann-Str€aussler-Scheinker
syndrome in humans.

Prion diseases can manifest as sporadic, genetic, or
iatrogenic maladies. The unique agent responsible for
these disorders is the pathological scrapie prion pro-
tein (PrP) conformer, PrPSc or prion (1). The process
responsible for PrPSc formation involves a conforma-
tional change in which a portion of an R-helix and a
coil of the cellular form of PrP, PrPC, is refolded into a
β-sheet structure (2). This process is called prion
conversion.

To date, no comprehensive global study has been
carried out describing the biochemical perturbations
occurring at single cell level upon prion replication.
Some clues provided by gene profiling analyses revealed
that, upon prion infection, an alteration of lipid meta-
bolism and a general dis-regulation of genes encoding
proteases and proteases inhibitors is established (3).
Prion-infected cells are less resistant to oxidative
stress (4), and several signal cascades involved in neu-
roprotection, cell growth, andapoptosis are affected (5).
A deeper knowledge of the molecular rearrangements
undergone by prion infected cells may be useful to
understand the mechanism of PrPC to PrPSc conversion
and to develop more effective therapeutic intervention.
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One major limit of common methodologies used for
investigating cellular biochemistry and physiology re-
sides in sample screening, whereby, for example, fluor-
escent labels anddyes are employed tobindmolecules of
interest, thus potentially affecting and biasing the test
results (6).Moreover,most of the cell-based assays, such
as fluorescence microscopy and flow cytometry among
others, require expensive and time-consuming protocols
as well as the exact knowledge of the cellular targets
under investigation. Therefore, these techniques have
limited applications for the rapid and multitarget screen-
ingof cellular samples, an approachof great relevance for
obtaining a general overview of the major biochemical
features of the system under investigation.

IR microspectroscopy (IRMS) does not suffer the
limitations of the former methods and possesses all the
characteristics for being a fast and informative multi-
screening platform at the interface between biophysics
andbiology. It is a label-free, non-destructive technique (7)
that probes vibrational modes of molecules and that
allows to correlate the local biochemical features of the
sample with its morphology, thanks to the use of visible-
infrared (Vis-IR) microscopes. The infrared spectra of
biological samples, such as cells and tissues, are impress-
ively simple considering the number of biomolecules that
concur to the spectral shape: each cellular constituent
(each protein, lipid, nucleic acid, and carbohydrate as well
as small molecule) has its peculiar spectrum (8, 9), but the
superimposition of all these contributions results in few
characteristic cellular bands (see Figure 1). A detailed
assignment of the cellular bands is given in Table 1, which
also reports the cellular constituents whose some charac-
teristic bands are considered diagnostic, according to data
reported in the literature (10).

Although non-selective, the technique allows to
gain very useful information on the sample under

investigation (11-13). The intensity of IR spectral
bands and their position and shape may highlight subtle
biochemical changes, for example, affecting the concen-
tration of cellular constituents, the composition and
order of cellular membranes (14, 15), the structure of
cellular proteins (16, 17), as well as the conformation of
nucleic acids (18, 19) and more. By exploiting the bright-
ness advantage of synchrotron radiation (SR), this in-
formation canbe resolvedwith a spatial accuracyof a few
micrometers (20, 21), narrowing the gap between IRMS
and high-spatial resolution microscopy techniques, such
as fluorescence microscopy.

Thanksalso to the rapiddevelopmentof fast, reliable,
and user-friendly chemometric strategies for the hand-
lingandmanipulationof large amounts of spectroscopic
data, Fourier transform IR (FTIR)-based techniques
are today promising analytical tools for the rapid
assessment of pathological chemical alterations of body
fluids, tissues, and cellular aggregates (22). With respect
to prion diseases, FTIR spectroscopy has already been
effectively employed. It was used to study the secondary
structure of the proteinase K (PK) resistant core of
PrPSc (23, 24) and more recently has succeeded in
monitoring the refolding of fully post-translationally
modified PrP revealing intermolecular β-sheets upon
membrane anchoring above a threshold concentration,
suggesting a prion-disorder mechanism based on PrP
accumulation (25). Moreover, IRMS has revealed mo-
lecular alterations in lipids, carbohydrates, and nucleic
acids induced by TSE in neural tissues, even though β-
sheet amyloid deposits in neural areas were identified
only in terminally ill hamster tissues (26). In addition,
FTIR has allowed the discrimination of several TSE
agents, analyzing the differences in the secondary struc-
ture of PrPSc purified from hamsters infected with three
adapted scrapie strains and BSE (27, 28).

The present study proposes the exploitation of SR-
IRMS to identify prion-induced alterations at the sub-
cellular level, therefore bridging the existing gap be-
tween PrP misfolding studies and neural tissue analysis.
The IR experiments onmouse hypothalamic GT1-1 cell
line infected with Rocky Mountain Laboratory (RML)
prion strain were performed at the SISSI infrared beam-
line (Synchrotron Infrared Source for Spectroscopy
and Imaging) of the Elettra Synchrotron facility in
Trieste (29), and the analyses showed changes both in
the content of the cellular biochemical constituents as
well as in their intracellular distribution upon prion
infection. Moreover, through the application of multi-
variate statistical analyses, IRMS successfully differen-
tiated between healthy and infected cells, identifying the
most significant spectral changes associated with the
infected state. Established biological assays and ato-
mic force microscopy (AFM) cell volume analysis con-
firmed the FTIR data, unveiling unique information on

Figure 1. Characteristic IR spectra of normal and scrapie GT1-1
cells (black and gray line, respectively). The spectral regions more
representative for lipids, proteins, nucleic acids, and carbohydrates
are shown. The origin of the most important absorption bands is
reported in Table 1.
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the pathological rearrangements undergone by prion-
infected neuronal cells.

2. Results and Discussion

2.1. GT1-1 Cells: Morphological and Biochem-
ical Characterization

In the present study the effects of prion infection on
mousehypothalamicGT1-1cellswereprobedat single cell
level. This cell line is known to sustain prion replication
chronically once infectedwith prions (30).Uninfected and
RMLprion strain infectedGT1-1 cellsweremaintainedas
described in the Methods section 3.4 and tested for PrPSc

levels by Western blot (Figure 2a). The PK digestion
assay, commonly aiming at detecting prions in biological
samples, revealed the presence of the proteinase-resistant
form of PrPSc in ScGT1-1 cells, confirming the chronic
infectionof the neuronal cell line. Furthermore, cell viabil-
ity in infected and uninfected cells was verified by calcein
AM assay. It was not possible to detect any statistically
significant difference between ScGT1-1 and GT1-1 cells

(2674.2( 760.1 au for ScGT1-1 and3154.9( 411.1 au for
GT1), suggesting that in the cellular model used no
apoptotic events occurred upon prion infection.

The distribution of the cell population among the
cellular phases was tested for GT1-1 by flow cytometry,
showing a percentage of 60.8 ( 1.7% cells in G1/G0
phase, 18.3 ( 2.8% in S phase, and 16.4 ( 0.9% in G2
phase. Any attempt to induce cellular synchronization in
resting phase by serum starvation protocols did not give
appreciable results (data not shown), while probably
inducing cellular sufferance and biochemical perturba-
tions, potentially detectable by IRMS (31) (32). For the
same reason, no other chemical treatment leading to cell-
cycle arrest was considered (33).

GT1-1 and ScGT1-1 are morphologically indistin-
guishable by phase-contrast microscopy (34) and possess
comparable surfaceareas, heightprofiles, andcell volumes
asdemonstratedbyAFManalysis.Thecalculatedaverage
volume of the GT1-1 and ScGT1-1 cells was 307 and
286 μm3, respectively, showing a 7% variation (see
Figure 3a). The AFM volume measurement uncertainty

Table 1. Tentative Assignment of the Most Diagnostic Vibrational Bands Commonly Found in FTIR Cellular
Spectra (Second Column)a

frequency (cm-1) assignment primary cell constituent

≈3500 O-H str of hydroxyl groups

≈3200 N-H str (amide A) proteins

≈3010 dC-H str unsaturated fatty acids

3000-2800 interval sym and asym str of methyl and methylene groups saturated fatty acids

≈1730 >CdO str of ester phospholipids

1715-1690 interval >CdO str of carbonic acids and nucleotide bases amino acid side chains and nucleic acids

1700-1600 interval amide I (80% CdO str, 10% C-N str, 10% N-H def) proteins

amide I components

frequency (cm-1) secondary structure

1695-1675 antiparallel β-sheet

aggregated strands

1670-1660 310-helix

1660-1648 R-helix
1648-1640 random coil

1640-1625 β-sheet

1628-1610 aggregated strands

1580-1480 interval amide II (40% C-N str, 60% N-H def) proteins

1470-1420 interval scissoring of methylene groups and various
methyl and methylene deformation bands

≈1400 CdO sym str of COO-

≈1380 -CH3 def

1310-1240 interval amide III proteins

1250-1220 interval PdO asym str of PO2
- phosphodiester nucleic acids backbone

1200-900 C-O-C str., C-O str, C-O-P complex network of ring vibrations of carbohydrates

≈1085 PdO sym str of PO2
- phosphodiester nucleic acids backbone

aAbbreviations: str= stretching; def= deformation; sym= symmetric; asym= asymmetric. Cell constituents to which some IR bands are usually
associated are also reported (third column). The attribution is done taking into consideration, besides the spectroscopical variables, that the major
constituents of an eukaryotic cell are proteins, nucleic acids, carbohydrates, and lipids, respectively, accounting for about the 50%, 15%, 15%, and 10%
of the total cellular dry mass (the remaining 10% is covered by other minority constituents) (67). Table 1 has been adapted from refs 68 and 69.
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was estimated to be a maximum of 5%mostly due to the
bending of the 100 nm thick Si3N4 membrane at the cell
location, likely as a result of membrane surface tension.
Indeed, theSi3N4membranewas found tohave10-15nm
indentation around the cell body: simply comparing the
volume measurements including and excluding the in-
dented areas, we found the total calculated volume to
vary at most by 4%. Another source of uncertainty was
the unintended exclusion of few small cell parts such as a
tiny fractionof the filopodiaduring the selectionof the cell
extent for volume analysis. In the light of this issue about
volume measurement precision, we suggest that the 7%
volume variation upon prion infection can safely be

regarded as intrinsic and that consequently the two cells
types have almost the same experimental volume and
surface profile (see Figure 3). Moreover, by simple linear
fitting, the cell volume-area coefficient was found to be
2.89, which is close to the value of a perfect pyramid (that
is 3), thus suggesting that the cells may conceivably bear
pyramid-like shapes with the cell nuclei placed under the
pyramid’s apex. The cytoplasmic regions of the cells were
foundtobeaboutanorderofmagnitude lower in thickness
than the nuclear region, for bothGT1-1 and ScGT1-1 cell
lines (see Figure 3b,c). By dividing the cell volumewith the
projected cell surface area, we calculated the effective cell
height valueswhich averaged to 0.6μminbothGT1-1 and
ScGT1-1 cases, with variations below significant digits.
The detailed morphological aspects were quite important,
since they allowed for amore careful interpretationof both
semiquantitative analysis results from individual whole-
cell spectra (section 3.2) and single-cell chemical maps at
subcellular spatial resolution (section 3.3).

2.2.Whole-CellMultivariate Statistical Analysis
and Semiquantitative Analysis

Many approaches have been developed in biology
andmedicine for rapid sample classification; among them,
hierarchical cluster analysis, a multivariate, unsupervised,
simple, and robust statistical method, is widely employed
for highlighting FTIR spectral similarities and differences
(35), and itwas chosen inour study inorder todiscriminate
between infected and noninfected cellular samples, by
comparing infrared spectra of whole-GT1 cells. Data on
whole-cell spectrawere acquired employing a conventional
MidIRGlobar source in transmissionmodeandsetting the
microscopeknife-edge apertures at 30� 30μm2 inorder to
match the entire cell surface. The quality of the raw data
was verified for water vapor absorption and S/N ratio, as
well as based on the intensity criterion detailed inMethods
section 3.3 (36). For each population, only the cell spectra
within the SD of the mean were further analyzed, in order
to reduce the intra-GT1-1 and intra-ScGT1-1 spectral

Figure 2. Prion infection inGT1-1 cells. (a)RML infected, ScGT1-1,
and noninfectedGT1-1 cells were tested for levels of PrPSc byWestern
blot. It can be noticed how inGT1-1 cells PrP is fully digested after PK
treatment. (b) Cluster analysis (Euclidean distances; Ward’s
algorithm) of first derivatives of spectra extended over the spectral
range 1800-1150 cm-1. Only spectra within one SD of the mean for
the intensity criterion detailed in the Methods section 3.3 were
considered. A clear classification of cellular spectra ascribable to prion
infection can be inferred by the shown dendrogram.

Figure 3. (a) Average cell volumes of GT1-1 and ScGT1-1 as calculated by AFM. Healthy and scrapie cells display comparable average
volumes [Avg(VGT1)=307μm3,Avg(VScGT1)=286μm3]. (b) 3Dreconstructionofa representativeGT1-1cell fixedonSi3N4membrane (45μm�
35μmscannedarea). (c) 3D reconstruction of a representative ScGT1-1 cell fixedonSi3N4membrane (40μm� 40μmscannedarea). It canbenoticed
how GT1-1 and ScGT1-1 cells have similar pyramidal shapes in which the nuclear region represents the apex [(Min-Max) = (0-2.2 μm)].
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heterogeneity, caused by the intrinsic cellular variability
andamplified by the cellular asynchronization (37).Vector
normalized first derivatives of FTIR cell spectra were used
for multivariate statistical analysis to enhance spectral
band resolution andminimize baseline variations: spectral
similarities were evaluated using Euclidean distances, and
the Ward’s algorithm was applied for spectra clustering.
Inspection of the spectra over the frequency range 1800-
1150 cm-1 fully succeeded in distinguishing between non-
infectedand infectedGT1(the sameresultsweredrawnout
considering the more extended frequency range 3600-
1150 cm-1). From the dendrogram shown in Figure 2b,
it is possible to notice thatGT1-1 andScGT1-1 cells cluster
in two separate classes and that the spectral variations
inducedby infectionare indeed larger than intrapopulation
heterogeneity,demonstrating thegreat effectonthecellular
milieu upon prion infection. This assumption is supported
by themaintenanceof the sameclassification schemeeither
by clustering IR spectra within 2 SD of the mean or by
applying a different classification algorithm, such as the
principal component analysis (PCA) of vector normalized
first derivatives of spectra over both the spectral ranges
(data not shown).

The classification maintained over a wide spectral
range demonstrates that it is based on the superimposi-
tion of multimolecular information rather than being
associated toa specific cell constituent,which is evidence
for anoverall cell rearrangement uponprion replication.
Inorder togainmore insights onprion infection features
highlighting the biochemical origin of the spectrum
classification, GT1-1 and ScGT1-1 first derivatives of
spectra were averaged and inspected by comparison.
The major spectral differences were appreciated in
specific subregions in the 1800-1150 cm-1 range (see
Figure 4a), where, moreover, the classification was
better preserved: 1710-1480 cm-1 (nomisclassification,
A region hereafter), 1425-1357 cm-1 (no misclassifica-
tion, B region hereafter), and 1280-1200 cm-1 (1 mis-
classification, C region hereafter). The A region is
dominated by the protein bands amide I (1700-1600
cm-1) and amide II (1580-1480 cm-1), centered at 1651
and 1534 cm-1, respectively, for both GT1-1 and
ScGT1, as can be better appreciated from Figure 4b
representing the normalized averageabsorbance and the
second derivative of the spectra of GT1-1 (black line)
and ScGT1-1 (gray line), upper and lower panel,

Figure 4. (a) Vector normalized first derivatives of the spectra ofGT1-1 (black line) and ScGT1-1 (gray line) in the 1800-1150 cm-1 range; line
thickness is proportional to one SD, comparable for infected and noninfected cells. Peak maxima in the original spectra cross the zero line in first
derivatives. A, B, and C regions are defined by dashed line boxes. The arrowheads point out the spectral intervals showing major differences among
spectra: a, 1710-1680 cm-1; a0, 1610-1580 cm-1; b, 1425-1325 cm-1 ; c, 1290-1180 cm-1. (b) Upper panel: average absorbance spectra of GT1-1
(black line with thickness proportional to one SD) and ScGT1-1 (gray line with thickness proportional to one SD) in the 1760-1480 cm-1 spectral
range.Lowerpanel: secondderivativesof average spectra forGT1-1andScGT1. (c, d)Average absorbance spectraofGT1-1 (black linewith thickness
proportional to SD) and ScGT1-1 (gray line with thickness proportional to SD) in the 1425-1325 and 1290-1180 cm-1 ranges, respectively. Plotted
absorbance spectra are baseline corrected and normalized (minimum absorbance unit 0, maximum 2).
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respectively. Moreover, no significant spectral differ-
ences can be detected in the shape of both amide II as
well as amide I bands, suggesting that the prion infection
is not accompanied byanappreciable increase inβ-sheet
folded proteins over R-helix/random coil content at
whole cellular level (refer to Table 1 for band assign-
ment). This result is not surprising, since PrPSc repre-
sents less than 0.1% of total proteins in prion-infected
brains (38) and, as previously highlighted, only analyses
at tissue level in the very late stages of the infection
revealed the β-sheet increment in extracellular plaques
of PrPSc aggregates, accumulated within the central
nervous system (CNS) (26).

In the A region, noticeable differences were indeed
detected for the spectral intervals 1710-1680and1610-
1580 cm-1, arrowed as a and a0 both in Figure 4a and b.
Various molecules contribute to the measured spectral
profile in those regions, such as protein aggregates, nu-
cleic acids, and amino acid side chains (see Table 1)
(39-41), therefore hindering the possibility to interpret
the revealed spectral differences.However, on the strength
of the spectral differences detected in the C region, in
which the peak maximum shifts from 1240 to 1236 cm-1

upon prion infection (see Figure 4d), a contribution from
nucleic acids to spectral shape changes in the A region
cannot be excluded. Even if the PdO antisymmetric
stretching band (1250-1120 cm-1 interval) of the PO2

-

phosphodiester of the nucleic acid backbone partially
overlaps with the amide III band (1340-1240 cm-1) in
the c arrowed interval, the high degree of similarity in the
shapes of amide I and amide II bands speaks in favor of a
contribution of nucleic acids to the varied spectral pattern
in the cand consequently in theA interval.Concerning the
possible biochemical sources for the spectral differences
characterizing the a, a0, and c regions possibly arising from
nucleic acid modifications upon prion infection, any
speculation should be avoided without the support of
further experimental evidence, also because of the impos-
sibility to access the nucleic acid band associated to
symmetric stretching of phosphate groups of phospho-
diester due to the very poor transparency of the silicon
nitride support below 1150 cm-1. Moreover, the lack of
literature about structural alterations undergone by
nucleic acids upon prion infection does not allow any
further dissertation concerning a possible effect of prion
replication on DNA and RNA conformations.

Besides the possible contribution of nucleic acids, a
different proportion of ionized and protonated aspartic
acid (Asp) and glutamic acid (Glu) is also believed to
influence the spectral shape in the a0 interval. Indeed,
carboxylate Glu and Asp absorb strongly in the 1580-
1550 cm-1 region (CdO asymmetric stretching) and near
1400 cm-1 (CdO symmetric stretching); it is noteworthy
that the different spectral profile in the a0 region occurs
parallel with the lowering of the spectral contribution

centered at 1400 cm-1 in the B region (see Figure 4c).
Since pH is finely tuned by cells and in most cases even a
small alteration of its value would be incompatible with
cell life, itmaybepossible toexplain this spectraldifference
postulating an increased cytoplasmic concentration of
some specific subcellular compartments where a lowering
of pH occurred. Many lines of evidence confer a pivotal
role in prion conversion to the endocytic pathway (42);
thus, the increase of the protonated form of Asp and Glu
amino acids may be related to the increase in the amount
of lysosomes in the cytosol upon prion infection. This
hypothesis, supported by an increased volume of acidic
vesicles found in human sporadic CJD brains using
specific markers for endosomal-lysosomal system (43),
was validated by SR-IRMS and fluorescence microscopy
(see section 3.3).

Infrared data acquired from whole cells were further
exploited to highlight the biochemical rearrangement
undergonebyGT1-1 cells uponprion infection by inves-
tigating the variations in the cellular content of themost
fundamental macromolecules employing the semiquan-
titative method detailed in section 3.3. The protein
relative content remains unaltered upon the infection
as revealed by the non-significant variation in protein
absorbance normalized on the total cell biomass
(Figure 5a), while a decrement in the relative lipid
contentwas detected (see Figure 5b), especially affecting
the cellular phospholipids (see Figure 5c). Non-infected
and infected GT1-1 cells have similar size, as can be
easily deduced even by visible microscopy, as well as
comparable surface profiles, areas, and cellular volumes
as demonstrated by AFM. This allows regarding the
integrated intensity of the infrared bands of bothGT1-1
and ScGT1-1 cells as roughly proportional to the con-
centration of the cellular constituent to which they are
associated and comparing themwithout the need of any
normalization. Considering the average values obtained
for GT1-1 and ScGT1-1 by integration of the total
protein band, a protein concentration decrement of
almost 27% was appreciated by the lowering of the
correspondent band intensity upon infection (see
Figure 5d). Thus, while the ratio between the integrated
intensity of proteins and the total cell biomass is the
same for both infected and uninfected cells, the sole
values of proteins show a decrement in ScGT1-1 com-
pared toGT1-1 cells. Consequently, since the ratio is the
same, the total cell biomass must also be proportionally
lower in ScGT1-1 cells upon prion infection. In addi-
tion, almost the same decrement was elicited from
quantification of protein content per cell by bicincho-
ninic acid assay (see Figure 5e). It has to be highlighted
that the latter assay was performed starting from living
cells while IRMS data were collected on formaldehyde-
fixed GT1 cells. Therefore, the protein decrement can
surely be attributed to the infection excluding a possible
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different effect of fixation on infected and uninfected
cells. Concluding, AFM and biochemical assays vali-
dated IRMS data and supported our analysis conclud-
ing that deep cellularmodifications uponprion infection
are affecting both cell proteome and lipidome.

2.3. SR-IRMS Chemical Mapping of Single Cells
Exploiting the brightness advantage of SR, selected

GT1-1 and ScGT1-1 cells were mapped setting the micro-
scope knife-edge apertures at 6 μm (oversampling 1:2),
allowing us to elucidate the chemical distribution of
specific cell constituents at the subcellular level. Intra-
cellular distribution of global proteins (P), lipids (L), and
phospholipids (Ph) were obtained as detailed in the
Methods section 3.3 and are shown in Figure 6 for a
couple of representative control and scrapie cells
(Figure 6a,b and c,d, respectively).

Comparing GT1-1 and ScGT1-1 P maps, the lower
protein content of infected cells, which is already high-
lighted by individual whole-cell analysis, becomes evi-
dent considering the color scale extent of 0-6 a.u. for
GT1-1 cells and of 0-4 a.u. for ScGT1-1 ones. How-
ever, the distribution of cellular protein inwild-type and
infected cells is comparable, showing nuclear protein
signals up to 10 times larger than cytoplasmic ones,
as typically revealed in mammalian cells (44). This is
expected since the nuclear path length of GT1-1 cells is
longer, as also demonstrated by AFM analysis.

By comparingL andPhmaps forGT1-1 and ScGT1-
1 cells, more details on the lipidic intracellular pattern
before and after infection are emerging. Looking at the
distribution of phospholipids, obtained by applying the
univariate technique of functional carbonyl ester group
mapping (integration interval 1752-1717 cm-1), they
are localized at the nuclear andperinuclear level inGT1-
1 cells. Such an intracellular arrangement is expected,
since both the nuclear membranes and those of peri-
nuclear cellular compartments, such as endoplasmic
reticulum and Golgi apparatus, are abundant in phos-
pholipids. In ScGT1-1 cells, the signal of phospholipids
looks quite different: beside the nuclear and perinuclear
regions, phospholipid rich regions can be seen in the
cytoplasm. Similarly, the lipid distributiondifferentiates
GT1-1 andScGT1-1 accordingly: theLband localizes at
the nuclear and perinuclear level in noninfected cells,
almost colocalizingwith thePband,while it extends into
the cytoplasm in infected ones. Those distributions are
compatible with the presence of extended cytosolic
vesicles and discrete vesicular foci in infected cells, as
already reported by other authors (45, 46), suggested by
whole-cell analysis, and further verified by confocal
microscopy (see Figure 7). A vital dye specific for low-
pH vesicles was used tomark lysosomes within the cells.
GT1-1 cells showed a staining pattern composed of tiny
spots dispersed in the cytosolic compartment, while
ScGT1-1 cells exhibited acidic vesicles increased both

Figure 5. (a-c) Average cellular content of proteins, lipids, and phospholipids normalized on the total cellular biomass forGT1-1 and ScGT1-
1 cells as estimated by semiquantitative analysis and detailed in theMethods section 3.3. The following values were obtained: proteinsGT1= 0.190(
0.003 au, proteinsScGT1= 0.191( 0.002 au; lipidsGT1= 0.043( 0.001 au, lipidsScGT1= 0.040( 0.001 au; phospholipidsGT1= 0.0016( 0.0001 au,
phospholipidsScGT1=0.0012( 0.0001 au. For testing significant differences, unpaired Student’s t test was performed: **P<0.01, n=67 and *P<
0.05,n=67. (d)Average total protein content as calculatedbyband integration in the spectral interval 1700-1480 cm-1: proteinsGT1=3.814(0.131
au, proteinsScGT1=2.78( 0.047 au; significant for **P<0.01, n=67. (e) Protein content per cell as estimated byBCA: 1.47� 10-10( 0.22� 10

-10

gr/GT1-1 cell and 1.07� 10-10 ( 0.09 � 10-10 gr/ScGT1-1 cell; significant for *P< 0.05, n= 3. Black bars: GT1-1. Gray bars: ScGT1-1.
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in volume and number compared to normal cells. The
fluorescence signal was quantified and the difference

between infected and uninfected cells statistically con-
firmed.An abnormal increase in the number of lysosomes

Figure 6. (a) Cell optical image (30 � 57 μm; scale bar 5 μm) of a single GT1-1 cell and related chemical maps, collected setting knife-edge
apertures to 6 μm (oversampling 1:2), of total protein content [P, (Min-Max) = (0-6 au)], acyl chains of lipids [L, (Min-Max) = (0-2.5 au)],
carbonyl ester of phospholipids [Ph, (Min-Max) = (0.01-0.08 au)]. (b) Cell optical image (30� 40 μm; scale bar 5 μm) of a single GT1-1 cell and
related chemical maps, collected setting knife-edge apertures to 6 μm (oversampling 1:2), of total protein content [P, (Min-Max)= (0-6 au)], acyl
chains of lipids [L, (Min-Max)= (0-2.5 au)], carbonyl ester of phospholipids [Ph, (Min-Max)= (0.01-0.08 au)]. (c) Cell optical image (30� 57
μm; scale bar 5 μm) of a single ScGT1-1 cell and related chemical maps, collected setting knife-edge apertures to 6 μm (oversampling 1:2), of total
protein content [P, (Min-Max)=(0-4 au)], acyl chains of lipids [L, (Min-Max)=(0-1 au)], carbonyl ester of phospholipids [Ph, (Min-Max)=
(0.01-0.04 au)]. (d) Cell optical image (23� 66 μm; scale bar 5 μm) of a single ScGT1-1 cell and related chemical maps, collected setting knife-edge
apertures to 6 μm (oversampling 1:2), of total protein content [P, (Min-Max) = (0-4 au)], acyl chains of lipids [L, (Min-Max) = (0-1 au)],
carbonyl ester of phospholipids [Ph, (Min-Max) = (0.01-0.04 au)].
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and lysosomal-related bodies appears as a distinctive trait
of TSE. These subcellular structures seem to be key
organelles in prion pathogenesis, since they represent a
site of accumulation for themisfolded formof PrP (47). In
addition, many lines of evidence have proposed the
endocytic-lysosomal compartment as a possible site for
prion conversion (48).

2.4. Conclusions
Drawing on the complementarities between IRMS

and conventional bioassays, a global insight into the
biochemical changes affecting individual mouse hy-
pothalamic GT1-1 cells upon prion infection is here
presented. IRMS, both performed on a single whole cell
and with subcellular spatial resolution by exploiting the
high brilliance of SR source, allowed us to appreciate
differences in composition and distribution of most
biochemical components, revealing comprehensive
information about the modifications of the cellular
milieu induced by prion infection and replication.
The greatest differences found between infected
and uninfected cells involved both lipidome and
proteome profiles.

Indeed, the role of lipid constituents has always been
considered crucial in the physiology and cell signaling of
the CNS. Several neuronal disorders and neurodegen-
erative diseases such as Alzheimer’s, Parkinson’s, Nie-
mann-Pick, andHuntingtondiseases do indeed involve
a deregulation of lipid metabolism (49). Consistently,
TSE display alterations in lipid metabolism as well:
brain transcriptome analysis revealed a deregulation in
lipid metabolism both in murine scrapie model (50, 51)
and in sporadic CJDpatients (52). Consistent with these
data, a deregulation in lipid metabolism was detected
also in ScGT1-1 cells. In fact, whole single cell IRMS
highlighted a relative decrement of phospholipids upon

prion infection. A different intracellular distribution of
phospholipids was also found, consistent with an in-
creased concentration of phospholipid-rich cytoplasmic
organelles within ScGT1-1 cells. Such evidence, com-
plemented with the results of cluster analysis on single
cells that indicated an increased protonation of amino
acid side chains as a consequence of prion infection,
leads us to conclude that ScGT1-1 cells contain an
increased amount of acidic vesicles, a finding also
supported by conventional fluorescence microscopy.
This discovery has strong biological implications be-
cause our data support a direct involvement of the
lysosomal compartment in prion propagation.

The biogenesis of prions is a process not yet fully
understood, and the subcellular compartment in which
the conversion of PrPC to PrPSc occurs is still the subject
of intense debate. Many putative sites have been pro-
posed by analyzing the patterns of distribution for PrPSc

in infected cells. The detergent-insoluble fraction of
membranes (that contains rafts) has been described as
one of the possible sites (53). Also the endocytic path-
way was identified as a putative conversion site due to
the cyclic internalization undergone by PrPC (48). Con-
trasting data is reported in the literature about the
specific compartment, along the endocytic pathway, in
which the conversion might take place. Some authors
identified in the lysosomal compartment the conversion
site as they found most of the PrPSc sequestered inside
lysosomal vesicles of scrapie-infected neuroblastoma
cells (45). Later works described PrPSc prevalently in
the early endocytic and recycling vesicles (54, 55).
The aberrant increase undergone by the lysosomal
compartment upon prion infection, detected by IR,
may reflect its role as a conversion site for PrPSc or,
alternatively, as a “sink site” for newly generated PrPSc

molecules.

Figure 7. Lysosome detection and quantification. ScGT1-1 and GT1-1 cells were treated with Lysotracker and fixed as described in the
Methods section 3.4. Lysosomes were stained in red, while nuclei were counterstained in blue with DAPI; merged images are shown on the right.
ScGT1-1 cells exhibit bigger andmore numerous lysosomes compared toGT1-1 cells. Images are representative of three independent experiments
of staining. Scale bar, 20 μm. The fluorescence signal was quantified using ImageJ software, and the results are plotted in the adjacent histogram
(black bar, GT1-1; gray bar, ScGT1-1). Statistics were performed using Student’s t test on a set of three independent experiments. *P<0.05.
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Our work indicates a pronounced decrement in pro-
tein content, found by complementing IRMS at the
whole single cell level, AFM volume analysis, and
conventional BCA, suggesting a misregulation of pro-
tein expression upon prion infection. In fact, as con-
firmed by microarray data collected on ScGT1-1,
several sets of genes are down-regulated in response to
prion infection, especially some loci encoding for ATP
binding and cytoskeletal and ribosomal proteins (56).
Thus, a down-regulation of the translational ma-
chinery in ScGT1-1 might explain the overall decrease
in protein production in response to prion infection.

Interestingly, as highlighted by AFM, the decreased
in both lipid in and protein contents detected in ScGT1-
1 cells corresponds neither to a reduction of the cellular
volume nor to any remarkable changes in the shape and
morphology of infected cells. This apparent paradox
could be tentatively explained by taking into account
water content and its contribution to the cellular volume.
One of the distinctive histopathological hallmarks
of prion diseases is spongiosis. The exact mechanism of
spongiform change is not fully understood, but it seems
to be a result of abnormal membrane permeability that
eventually leads to an increased water content within
neurons (57). Since the GT1 cell line retains many
membrane properties of the neurons from which it is
derived (58), once infectedwith prions itmayundergo the
same alterations happening in vivo. Thus, in ScGT1-1
cells, an impairment of the mechanisms involved in the
control ofwater fluxes across themembranemay result in
the swelling of the cellular body and counterbalance the
effects of the protein and lipid decrease on cell volume.

These biochemical rearrangements highlight detect-
able cellular alterations driven by prion replication,
indicating that the IRMS technique employed in this
study may successfully provide sensitive and effective
fingerprinting in search for biochemicalmarkers specific
for neuronal cell loss. The results obtained in the present
study using IRMS supported by multivariate statistical
analysis are consistent with previous data on neuronal
tissues from infected mice in different stages of the
disease (59). Thus, it couldbe speculated that IRMSmight
complement standard diagnostic procedures requiring
several days and large amounts of biological samples,
such as PK digestion, and may theoretically allow com-
paring single cells and distinguishing between normal and
pathological state in amatter ofminutes.However, due to
the non-selectivity of the technique, further experiments
are needed to assess this point. Specifically, other cell lines
as well as other models of neurological diseases should be
sampled and tested in order to investigate the level of
reliability of IRMS as diagnostic tool.

Lastly, altogether these findings represent a good
example of cooperation between biophysics andbiology
in collecting information on complex systems such as

biological specimens. Indeed, chemometric analyses
might be able to shed light on the global molecular
alterations due to prion replication in TSE. The mod-
ifications observed at the cell physiology level prompt
new questions about the multitude of pathological
mechanisms involved in protein misfolding diseases.
The challenge ahead will be assessing whether these
cellular responses are exclusive or general for other
neurodegenerative disorders such as Alzheimer’s or
Parkinson’s diseases.

3. Methods

3.1. Cell Maintenance and IR Sample Preparation
Mouse hypothalamic GT1-1 and scrapie ScGT1-1 cells

(kindly provided by Dr. P. Mellon, The Salk Institute, La
Jolla, CA) (60) were maintained in Dulbecco’s modified
Eagle’s medium, with 4.5 g/L glucose (DMEM) (GIBCO/
Invitrogen) supplemented with 10% v/v fetal bovine serum
(FBS) (GIBCO/Invitrogen) and antibiotics (100 IU/mL pen-
icillin and 100 μg/mL streptomycin) at 37 �C in a humidified
atmospherewith5%CO2.Cellswere chronically infectedwith
RML prion strain according to already published proce-
dures (30). Cells were grown on 100 nm thick silicon nitride
IR transparent windows at a confluence of 40-60% in order
to obtain isolated cells suitable for the analysis. Silicon nitride
(Si3N4) is not a standard substrate for IR investigations, since
it strongly absorbs below 1150 cm-1 (61). However, this
material is insoluble inwater, biocompatible (62), and cheaper
than commonly employed IR transparent substrate, such as
calcium and barium fluoride. Moreover, any attempt to grow
GT1-1 cells onCaF2 andBaF2 failed. Fixationwas performed
by washing cells twice with phosphate buffer solution (PBS;
GIBCO/Invitrogen) and incubating in paraformaldehyde 4%
(PFA) in PBS for 20 min. Then samples were extensively
washed with PBS to remove any traces of PFA and, after a
final washing in ultrapure water, let to dry (63). Before the
analysis, on top of each window a second clean window was
glued, in order to reduce the biological hazard. After the
experiment, samples were disposed following standard pro-
cedures for prion decontamination (64).

3.2. The SISSI infrared Beamline at Elettra
Synchrotron Radiation Facility

IR microspectroscopy allows correlating morphological
details of the investigated sample with its local vibrational
pattern thanks to the use of visible-infrared (Vis-IR) micro-
scopes coupled with conventional FTIR interferometers (65).
Specifically, SR-IRMS exploits the brightness advantage of
synchrotron sources in order to guarantee a spatial resolution
not achievable with conventional ones. The possibility of
operating at diffraction limit, maintaining an appreciable S/
N ratio, allows investigation of chemical changes occurring
within a sample by probing its vibrational modes with a
diffraction-limited spatial resolution of a few micrometers in
the mid-infrared (MIR) range (20). The chance of investigat-
ing single-cell and even subcellular phenomena opened new
and exciting perspectives in the application of SR-IRMS
for life sciences, as proved by the constantly increasing
numberofSR infraredbeamlinesdedicated tobioapplications
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all over the world (http://infrared.als.lbl.gov/content/web-
links/45-srir).

SISSI (Synchrotron Infrared Source for Spectroscopy and
Imaging) is the infrared beamline of Elettra Synchrotron
(Elettra Laboratory, Trieste, Italy), a third generation syn-
chrotron radiation facility. It is a bending magnet beamline
that extracts both IR and visible components of SR emission
over acceptance angles of 70 mrad (horizontal) and 25 mrad
(vertical) and comprises both edge and constant field emis-
sion (29). The beamline hosts onebranch fully dedicated to life
science applications, equipped with a Vis-IR Hyperion 3000
microscope coupled with a Vertex 70 interferometer (Bruker
Optics, Ettlingen, Germany). All data reported in this paper
have been acquired in the MIR regime using a single point
MCT (Hg-Cd-Te) detector.

3.3. FTIR Data Collection and Analysis
FTIRspectrawere acquired in transmissionmode, purging

with nitrogen both the interferometer and microscope, sealed
within an in-house designed box in order to reduce spectral
contributions for environmental water vapor and carbon
dioxide. For the acquisition of infrared data, both whole-cell
analysis and single-cell mapping, isolated cells were chosen
randomly by visual inspection, taking care to exclude apo-
ptotic and osmotic-stressed cells, following the same strategy
adopted for AFM cell selection. Individual whole-cell spectra
were collectedwith conventional source at 30� 30μm,using a
15X Schwarzschild condenser and objective, coadding 1024
scans with a spectral resolution of 4 cm-1. GT1-1 and ScGT1-
1 chemical maps were acquired with SR source, using a
36X Schwarzschild condenser and objective and setting to
6 � 6 μm the knife-edge apertures of the microscope, impos-
ing a step length of 3 μm. The spectra were collected by
averaging 512 scans per map point with a spectral resolu-
tion of 4 cm-1. The background spectrum was recollected
every 10 map points in order to compensate the intensity
decay of SR.

Individual Whole-Cell Spectra Processing and Analysis.

All single-cell spectra were processed with OPUS NT 6.5
(Bruker Optics, Ettlingen, Germany) software. Raw spectra
quality was verified by testing for water vapor absorption
and signal to noise ratio (S/N). Water vapor intensity was
calculated as the difference between the maximum and
minimum value of first derivative spectra within the 1847-
1837 cm-1 range, a region where water vapor absorbencies
are quite strong; noneof the spectra exceeded the 3� 10-4 a.u.
value chosen as threshold. Spectra were further evaluated for
the S/N ratio for the amide I region (1700-1600 cm-1): the
signal intensity at 1655 cm-1 was divided by the peak-to-peak
spectral noise, calculated within the range 2000-2100 cm-1,
a spectral region that does not show any spectral band of the
sample; S/N average values higher than 1000 were calcu-
lated. Only one spectrum of scrapie GT1-1 cells did not pass
the test and was excluded from the following steps of data
analysis. Spectra of both wild-type and scrapie cells were
separately subjected to a further quality test based on an
intensity criterion in the wavelength range 1770-1150 cm-1:
baseline corrected spectra (rubberband algorithm) were inte-
grated in the 1770-1150 cm-1 region, and only the cell
spectra within one standard deviation (SD) of themean were

considered for data analysis (total intensity=9.84( 3.09 a.u.
and 6.80 ( 1.47 a.u. for GT1-1 and ScGT1-1, respectively).
By applying this intensity criterion, cells showing a bio-
molecular content too high (such as duplicating cells or cell
aggregates) or too low (cells that have a reduced bimolecular
content as a consequence of membrane damage) were ex-
cluded from the following postprocessing steps. Almost 60%
of acquired spectra were founded within one SD for GT1-1
cells and 70% for ScGT1-1.

Vector normalized first derivatives of spectra (nine-
smoothing point, Savitzky-Golay algorithm) were used as
input data for the cluster analysis, in order to classify spectral
regions discriminating between wild type and scrapie sam-
ples. Cluster analysis was performed by using OPUS soft-
ware with standard making distance matrix and Ward’s
algorithm dendrogram.

A further analysis was performed based on the integrated
intensity of specific spectral regions to detect differences in
the relative content of the most important cellular constitu-
ents upon prion infection. Such analysis will be named
semiquantitative hereafter, to emphasize how the possibility
to perform a proper quantitative analysis on biological
specimens is limited by the biochemical complexity of each
biosample, where each cellular molecule in fact possesses a
specific molar extinction coefficient. Moreover, the uncer-
tainty about the sample thickness is further complicating the
interpretation of experimental data. To be able to take into
account at least the thickness variations among different
cells, the relative content of cellular proteins, lipids, and
phospholipids was estimated dividing the area of some
diagnostic FTIR bands by the total spectral integrated area
(the area above the straight line generated between the
chosen peak frequency limits was considered; integration
method B in OPUS). The total integrated spectral area was
calculated by summing the integrated area between
3700-2500 and 1770-1150 cm-1, which may be considered
representative of the total cell biomass (66), while the
following diagnostic spectral intervals have been chosen:
1700-1480 cm-1, amide I and II bands (mostly proteins,
hereafter total protein content); 2990-2828 cm-1, aliphatic
chains especially from saturated fatty acids of lipids (lipids
hereafter); 1756-1717 cm-1, carbonyl stretching of ester,
primarily from phospholipids (for more details on IR band
interpretation, see Figure 1 and Table 1). An unpaired
Student’s t test was performed on all the data sets to test
for significant differences between control and scrapie GT1-
1 cells.

SR-IRMS Single Cell Data with Subcellular Spatial Re-

solution: Processing and Analysis.All spectra were processed
with OPUS NT 6.5. For each cell mapped, raw spectra were
corrected for the contribution of CO2 and water vapor,
truncated to a range of 3800-1150 cm-1 and smoothed
using the Savitzky-Golay algorithm with a window of 13
points. After the assembling of the spectra in a nXm matrix
(where n and m vary accordingly with the cell size), the
chemical maps of each cell were generated by applying the
univariate technique of functional group mapping. Among
the others, the following integrals were considered: total
protein content (P, 1700-1480 cm-1), carbonyl ester of
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phospholipids (Ph, 1752-1717 cm-1), and acyl chains of
lipids (L, 3000-2800 cm-1). Images were elaborated with
ImageJ open source software (http://rsbweb.nih.gov/ij/
index.html).

3.4. Biological Assays
PK Digestion Assay. ScGT-1 and GT1-1 cells at 90% of

confluence were washed twice with cold PBS, and then lysis
buffer was added (10 mM Tris-HCl pH 8.0, 150 mM NaCl,
0.5%nonidet P-40 substitute, 0.5%deoxycholic acid sodium
salt); after 5 min, cell lysates were collected and clarified,
centrifuging at 5000 rpm for 5 min. Total proteins from
supernatants were quantified using the bicinchoninic acid
assay (BCA) (Pierce), and 500 μg was digested with 10 μg of
PK (Roche, ratio protein:protease 50:1) for 1 h at 37 �C. The
reaction was stopped by adding phenylmethyl sulphonyl
fluoride (PMSF) to a final concentration of 2 mM and PrP
was precipitated by ultracentrifugation at 100 000g for 1 h at
4 �C. Pellets were resuspended in loading buffer and resolved
onto a 12% polyacrylammide gel, and 50 μg of undigested
proteins was also loaded as control. Samples were trans-
ferred onto a membrane of polyvinylidene fluoride (PVDF)
and blocked with 5% (w/v) non-fat milk protein in Tris
buffered saline with Tween 20 (0.05%) (TBS-T) for 1 h at
room temperature. The PrP antigen was detected by Fab
D18 (1 μg/mL) diluted inTBS-T for 2 h at room temperature;
after three washes, the secondary antibody, horseradish
peroxidase (HRP)-conjugated goat-anti-human (Pierce) di-
luted 1:5000 in 5% (w/v) non-fat milk proteins, was added
and incubated for 1 h at room temperature. The membrane
was extensively washed and signals were detected using the
ECL kit (Amersham Pharmacia) on ECL Hypermax films
(Amersham Pharmacia).

Quantification of Protein Amount Per Cell. Both GT1-1
and scGT1-1 cells were trypsinized and counted using a
hemocytometer (Thoma chamber, HBG, Germany) to de-
fine the number of cells per plate; then they were centrifuged
at 1500 rpm for 5 min and the pellet was washed twice with
cold PBS (GIBCO/Invitrogen). The cells were lysed with
lysis buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5%
nonidet P-40 substitute, 0.5% deoxycholic acid sodium salt,
and a mixture of protease inhibitors), and cell extract was
centrifuged at 5000 rpm for 5min to remove cell debris. Total
proteins were quantified using BCA (Pierce), and the values
obtained for infected and noninfected cells were divided for
the number of cells to calculate the average amount of
proteins per single cell.

Calcein AM Viability Assay. About 40 000 cells per well
were grown in a 96-well, tissue culture treated, clear bottom,
black plate (Costar); after 24 h, cells were washed twice with
200 μL of PBS and then incubated with 2.5 μM calcein AM
diluted in 100 μL of PBS for 30 min at 37 �C. Fluorescence
emission intensity was quantified using a SpectraMax M5
fluorescence plate reader (Molecular Device), with an ex-
citation/emission ratio equal to 492/525 nm. Experiments
were carried out in sextuplicate, and the results are expressed
as mean values ( SD.

DNA Cell Cycle Analysis by Flow Cytometry.GT1-1 cells
were trypsinized and washed twice with cold PBS (GIBCO/
Invitrogen). Then they were centrifuged at 1500 rpm for

5 min and the pellet was resuspended in 100 μL of cold PBS
and 900 μL of cold ethanol for 1 h at 4 �C (106/mL). The cells
were centrifuged at 1500 rpm for 5 min, and the pellet was
washed twice with cold PBS, suspended in 500 μL of PBS,
and incubated with RNAase (20 μg/mL final concentration)
at 37 �C for 30 min. The cells were then chilled over ice for
10 min and stained with propidium iodine (50 μg/mL final
concentration) for 1 h for analysis by flow cytometry. Flow
cytometry was performed with a FACScan (Becton Dick-
inson, Heidelberg, Germany) instrument. A minimum num-
ber of 10 000 cells per sample was collected, and the DNA
histograms were further analyzed by using ModiFitLT soft-
ware (Verily Software House, Topsham, ME) for cell cycle
analysis. The results are expressed asmean values( SD; they
come from three independent experiments.

Lysosome Detection and Quantification. ScGT1-1 and
GT1-1 cells were grown overnight on glass coverslips coated
with poly-L-lysine (10 μg/mL). Then they were incubated for
1 h with Lysotracker (Invitrogen) diluted in DMEM supple-
mented with 10% FBS at a final concentration of 50 nM
according to the manufacturer. The medium was removed,
and the cells were washed twice with PBS before fixation in
paraformaldeyde 4% in PBS for 20min at RT. The cells were
extensively washed in PBS, and the coverslips were mounted
on with Vectashield with DAPI (VECTOR Laboratories).
Images were acquired with a DMIR2 confocal microscope
equipped with Leica Confocal software (Leica).

In order to quantify the signal given by lysosomes, 15
random fields (stacking mode) were acquired for ScGT1-1
and GT1-1 cells with the same settings and magnification
(40�). Each stack was converted into a binary file, and the
same threshold was applied to all the files to isolate the signal
of lysosomes from the background. The percentage of
positive voxels was calculated andnormalized on the number
of cells in every stack. The values obtainedwere averaged and
the mean values ( SD were plotted in a histogram (0.055 (
0.028AU for ScGT1-1 cells and 0.034( 0.017AU forGT1-1
cells). Images were analyzed with ImageJ open source software
(http://rsbweb.nih.gov/ij/index.html). The results come from
three independent experiments.

3.5. AFM Cell Volume Analysis
The fixed GT1-1 and ScGT1-1 cells on Si3N4 membrane

windows prepared for FTIR spectroscopywere imagedwith a
NanoWizard-II Bio-AFM (JPK Instruments AG, Berlin,
http://www.jpk.com) apparatus operating in dynamic mode.
AFMscansweremadeusingNSG01 (NT-MDTCo.,Moscow,
http://www.ntmdt.com) silicon probes with Au reflective
coating at the detector side, 10 nm typical tip radius, nominal
spring constant of 5.5 N/m and nominal resonance frequency
of 150 kHz. This probewas selected for the reason that it has a
22� cone shaped high aspect ratio tip with 10-20 μm height,
allowing problem-free access for imaging micrometer sized
objects such as cells. The Si3N4 membrane windows were
optically inspected, and isolated single cells were selected
carefully to represent the ones that were used in FTIR
spectroscopy with the help of the built-in invertedmicroscope
(Axiovert 200, Carl Zeiss GmbH, Berlin, http://www.zeiss.
de). Care was taken to avoid (i) apoptotic cells with small,
shrinked round shapes and (ii) osmotically stressed smashed
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looking cells. The analysis was carried on through 10 GT1-1
and 12 ScGT1-1 cells. Images of 1500-4000 μm2 areas with
512 square pixels long-edgewere collected at a line scan rate of
0.4 Hz in ambient conditions. The AFM free oscillation
amplitudes were ranging from 10 to 25 nm, with characteristic
set points ranging from 80% to 95% of these free oscillation
amplitudes. Each AFM scan image contained only one
complete cell. The scanned images were processed using
standard AFM data processing methods such as line-by-line
level alignment which correct for small mismatches between
each successive scan line arising from the inevitable thermal
drift happening on the nanometer scale during the finite scan
time. The images were then plane leveled to remove the planar
tilt of the substrate which is important for the correct volume
analysis. The cells were marked and cell volumes were mea-
sured using the analysis softwareGwyddion (Gwyddion open
source software, http://gwyddion.net).
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